EpidEmiology, clinical manifEstation and diagnosis of myocardial bridgEs
The most frequent location of myocardial bridges is the left anterior descending artery, especially at its middle one-third (3) (Figure 1) . Overall, the frequency of myocardial bridges in adults varies substantially, with higher prevalence (15% to 80%) reported in histopathology studies than in angiographic studies (0.5% to 2.5%) (1, 3, 4) . The length of bridges varies from 4 mm to 40 mm, and the depth from 1 mm to 10 mm (1, 3) . Although bridges are usually clinically silent, some, such as the longer and deeper ones, manifest with myocardial ischemia, rhythm conduction disturbances, acute coronary syndromes or even sudden cardiac death (3) . Usually, bridges are incidentally identified during diagnostic angiography or autopsy studies. In recent years, new invasive ultrasound-based modalities, such as intravascular ultrasound and intracoronary Doppler imaging (4, 5) , as well as noninvasive methods (eg, computed tomography, magnetic resonance imaging) (6) have been widely used in the diagnosis of myocardial bridges.
EvidEncE of absEncE of athErosclErosis within myocardial bridgEs
Using intravascular ultrasound in 69 patients with myocardial bridges, Ge et al (4) found that there was a high incidence of atherosclerosis at the segments proximal to the bridges, but no plaque was found within and distally to the bridges. Similar data were demonstrated in an angiographic study of 29 patients (7). In addition, Robicsek and Thubrikar (8) showed that in 24 of 26 patients with intramyocardial bridges, there was no apparent atherosclerosis in the intramyocardial segments. These clinical findings concerning the atheroprotection of myocardial bridges are further supported by histopathology data (9) . It was reported that the intima of a mural coronary segment is significantly thinner (66.3 µm) than the proximal portion (406.6 µm) of the artery (10) . Endothelial cell permeability was found to be increased in atherosclerotic epicardial segments of hypercholesterolemic rabbits, but not within myocardial bridges (11) . Other studies indicated that the intimal layer of a bridge is spared from foam cells and synthetic-type vascular smooth muscle cells, which precipitate plaque formation (12) . At the molecular level, the association among the expression of Myocardial bridging constitutes a congenital, usually benign, coronary abnormality defined as a segment of a major epicardial coronary artery that follows an intramural course through the myocardium. On the basis of clinical and histopathological data, myocardial bridges appear to be spared from atherosclerosis. Although the mechanisms involved are largely unknown, the surrounding myocardium appears to be a key factor by generating a unique atheroprotective hemodynamic microenvironment within bridges. The main components of this environment include low tensile stress and high shear stress. Reduced coronary wall motion due to external support of the surrounding myocardium may also play a role. Better investigation of these mechanisms in appropriate animal models is anticipated to advance our understanding of the pathophysiology of atherosclerosis, providing a framework for the development of new atheroprotective strategies. Le pont myocardique constitue une anomalie coronarienne congénitale généralement bénigne, définie comme un important segment d'artère coronaire épicardique qui suit un parcours intramural dans le myocarde. Selon les données cliniques et histopathologiques, les ponts myocardiques semblent être épargnés par l'athérosclérose. Bien que les mécanismes en cause demeurent en grande partie inconnus, le myocarde avoisinant semble être un facteur clé car il produit un micro-environnement hémodynamique athéroprotecteur unique dans les ponts. Les principaux éléments de cet environnement incluent une faible contrainte de tension et une forte contrainte de cisaillement. Le mouvement réduit de la paroi coronaire découlant du soutien externe du myocarde avoisinant pourrait aussi être en cause. Une meilleure exploration de ces mécanismes dans des modèles animaux pertinents devrait faire progresser les connaissances sur la physiopathologie de l'athérosclérose et fournir un cadre pour mettre au point de nouvelles stratégies athéroprotectrices.
genes encoding various atherogenic molecules, such as endothelin-1 (ET-1) and angiotensin-converting enzyme, and the occurrence of atherosclerosis in patients with myocardial bridges was studied (13) . Intriguingly, both the expression of these genes and the extent of atherosclerosis were found to be reduced within myocardial bridges compared with the proximal epicardial segments.
mEchanisms rEsponsiblE for thE absEncE of athErosclErosis within bridgEs
The clinical and experimental observations mentioned above raise the question of why myocardial bridges are spared from atherosclerosis, while at the same time, the adjacent proximal epicardial segments are atherosclerosis-prone regions. Although the mechanisms of this discrepancy are largely unknown, the surrounding myocardium may play a key role by generating a unique atheroprotective hemodynamic microenvironment beneath bridges and a highly atherogenic milieu at their proximal edges.
role of tensile stress
Tensile stress (TS), also known as circumferential stress, constitutes the blood pressure-derived force imposed circumferentially on the arterial wall. Its magnitude can be approximated by an equation related to Laplace's law (T=P[r/t]), where P is the blood pressure, r is the lumen radius and t is the wall thickness. According to this formula, arterial regions with reduced blood pressure or reduced lumen size have low TS. The distribution of TS within the arterial wall of a bridge appears to play a major role in the modulation of a local atheroprotective environment. Normally, coronary flow in major epicardial segments mainly occurs in diastole, whereas in systole blood is stored in the dilated arterial wall ('reservoir' effect) (14) (15) (16) . However, in the myocardial bridges, at the time that peak systolic pulse tends to expand the wall, the 'tunnelled' coronary segment undergoes remarkable compression and lumen radius reduction due to contraction of the surrounding myocardium. Although the blood pressure exhibits a significant increase within the bridged segments compared with the adjacent proximal regions (17) , the net effect of these counteracting forces (ie, myocardial compression and blood pressure) is a reduced pressure gradient across the wall of the bridge and subsequently, a decreased TS (8,18), which maintains a normal endothelial function, thereby preventing the development of atherosclerosis (19) (Figure 2 ). Supporting the atheroprotective effect of low TS within the bridge is the observation that portions of vertebral arteries that are passing through the bone canal are free from atherosclerotic lesions compared with those outside the canal (18) . Like myocardium, the surrounding bones may act as support and reduce the expansion of the vertebral arteries, thereby reducing the local TS and protecting the arteries from atherosclerosis. On the other hand, at the segment proximal to the bridge, the local TS is higher than the tunnelled segment and may cause structural and functional changes of vascular cells (endothelial cells and primarily smooth muscle cells), ultimately resulting in the formation of atherosclerotic lesions (19) (Figure 2) . At the molecular level, the higher TS is sensed by several endothelial mechanoreceptors, such as integrins, stretch-sensitive ion channels, tyrosine kinase receptors and G-proteins, which trigger a complex network of downstream signalling cascades of serine kinases (mitogen-activated protein kinases), eventually leading to activation of transcription factors (eg, nuclear factor kappa B or activator protein-1) (19) . These transcription factors are thereby associated with certain strain-sensitive elements located at promoter regions of proatherogenic genes and upregulate their expression. Such genes encode several proatherogenic molecules, such as vasoconstrictive substances (ET-1), chemoattractants (monocyte chemoattractant protein-1), adhesion molecules (vascular cell adhesion molecule-1, intercellular adhesion molecule-1), cytokines (tumour necrosis factor-alpha, interleukin-1), growth-promoting factors (platelet-derived growth factor) and matrix-degrading enzymes (matrix metalloprotein ases). All of these molecules drive the atherosclerotic process by enhancing lipid accumulation, inflammation and migration of smooth muscle cells to the intima, where they acquire a synthetic phenotype and produce interstitial collagen and matrix metalloproteinases. Also, elevated TS has been proposed to induce direct endothelial injury, thereby impairing the integrity of the endothelial barrier and increasing its permeability to lipoproteins and circulating monocytes (18) . entrance of intramyocardial segments (Figure 2) . SS is the frictional force exerted by the circulating blood onto the endothelial surface (20) . It is defined as the product of the velocity gradient near the wall and the blood viscosity; this definition suggests that SS varies proportionally with flow. Low and oscillatory SS are characterized by low time-averaged values (less than 1.5 N/m 2 ) and significant variations in direction and magnitude over short distances, and constitute major determinants of the localization, development and progression of atherosclerosis (20) (21) (22) (23) (24) . Through complex mechanotransduction processes similar to those initiated by TS, coronary endothelium responds to low and oscillatory SS by adopting a vasoconstrictive (ET-1), proinflammatory (adhesion molecules and cytokines), pro-oxidative, growth-promoting and prothrombotic phenotype, ultimately acquiring a predisposition to atherosclerosis (16, 20, 24) . On the other hand, the normal pulsatile SS, with a positive time-average ranging between 1.5 N/m 2 and 7.0 N/ m 2 , increases the production of nitric oxide and downregulates the expression of proatherogenic molecules, thereby conferring atheroprotection (16, 20, 24) .
Flow analyses proximal, within and distal to the 'tunnelled' artery revealed that within a bridge, there is no anterograde flow during systole, possibly due to myocardial compression ('milking effect'), followed by an accelerated forward flow in diastole (4, 17) . Conversely, the collapsed bridge generates a retrograde systolic flow at the epicardial segment proximal to the bridge, accompanied by an accelerated forward flow in diastole (4, 17) . Thus, at the proximal segment, a timevarying bidirectional flow occurs, generating an atherogenic low and oscillatory SS microenvironment, whereas within the bridge, the SS remains unidirectional and normal, or even high, maintaining the endothelium in an atheroprotective state (Figure 2) . The absence of atherosclerosis within bridges and the increased susceptibility of the adjacent proximal segments can be further explained mechanistically (25) . In atherosclerosis-prone regions proximal to a bridge, where low and oscillatory SS occur, the residence time of proatherogenic blood particles (eg, lipids, inflammatory cells) and their subsequent subendothelial accumulation increase, facilitating the atherosclerotic process, whereas the normal or high flow occurring within a bridge prevents blood stagnation, thereby protecting the endothelium from atherosclerosis (26) .
role of coronary wall motion
Another potential mechanism for the sparing of bridges from atherosclerosis involves coronary motion ( Figure 2 ). As long as the epicardial coronary segments are closely attached to the beating heart, they sustain a periodic motion during the cardiac cycle. Pulsatile coronary motion affects coronary geometry and this, in turn, influences the local hemodynamic environment, initiating a self-perpetuating vicious cycle, which drives atherosclerosis (16, 27) . Lyon et al (28) studied the effect of arterial wall motion on the development of atherosclerosis in cynomolgus monkeys fed an atherosclerotic diet, and concluded that the inhibition of wall motion may confer protection against atherosclerosis. This observation could potentially provide a mechanistic explanation for the void of atherosclerosis at the bridges because, on contraction of ventricular muscle, the 'tunnelled' coronary segment undergoes remarkable systolic compression, thereby limiting its motion over the cardiac cycle. Conversely, the absence of such an external support around the adjacent epicardial coronary portions makes their phasic motion more prominent, and thereby may increase their susceptibility to plaque development.
conclUsion and rEsEarch opportUnitiEs
Myocardial bridges constitute a well-defined coronary abnormality that is spared from atherosclerosis. Although the precise mechanisms responsible for the absence of atherosclerosis are not clear, it appears that the contractile myocardium that encompasses the mural artery constitutes a key modulator by generating a local hemodynamic environment of low TS, high SS and reduced phasic coronary motion, ultimately conferring atheroprotection. However, in some cases, the myocardial bridges lead to an acute coronary syndrome, possibly due to an exaggerated coronary constriction at systole, and subsequent intermittent flow cessation. In fact, myocardial bridging has been reported as a potential cause of acute myocardial infarction in the absence of atherothrombosis, especially in young, healthy individuals (3, 29) . Despite the ischemic aspect of bridges, their freedom from atherosclerosis constitutes an interesting observation that it is worth studying in animal models. Gorillas and gibbons have an epicardial coronary artery network, which is in contrast to chimpanzees and orangutans, whose coronary arteries tend to follow a mural course (25) . The comparative investigation of coronary atherosclerosis in these species may provide further insight into the local hemodynamic environment (eg, SS and TS patterns over the cardiac cylce) that prevents the development of atherosclerotic lesions within bridges. A better understanding of this environment may enable us to design new local intervention strategies that may be applied in atherosclerosis-prone coronary regions with minimal lesions (eg, inner curvatures, bifurcations) to alter the local hemodynamic environment toward a more atheroprotective state, thereby preventing the evolution of these early lesions to more advanced stages.
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